Abstract-In most distributed power electronic systems, the transmission line effects associated with cabling are neglected due to the expectation that cables are sufficiently short to be modeled as a lumped parameter model. However, as converter switching speeds and control bandwidth increase, especially in large distributed power electronic based systems, the transmission line effects may become an important consideration when establishing margins of stability. In this work, immittance based stability analysis is applied to power electronic systems with long cables between source and load converter. In particular, the Energy Systems Analysis Consortium (ESAC) method is utilized to compute limits on cable length so as to maintain prescribed stability margins. Simulation results are presented in support of the approach.
INTRODUCTION
A new generation of power electronic conversion systems is being enabled by wide bandgap (WBG) devices. Applications in both civilian and defense sectors are already beginning to benefit from the improved size, weight, and power (SWaP) now being demonstrated in power converters utilizing silicon carbide (SiC) and/or gallium nitride (GaN) switches, and numerous manufacturers are offering new switching devices fabricated from these two WBG semiconductors [1] . The primary driver for the improvement in power density is that these devices enable higher voltage, higher temperature and higher switching frequency. For example, in [2] , the authors provided an applesto-apples comparison of two 3-phase inverters, the first using Si IGBTs and another using 4H-SiC JFETs; the SWaP characteristics were then compared. The new WBG switches operated at higher frequency (increasing from 10 kHz to 30 kHz) and at higher junction temperature (300 o C versus 100 o C), and the switching losses were considerably lower. The result was a 67% reduction in the volume of the LC filter, a 92% reduction in the volume of the heatsink, and a reduction in losses (210 W versus 450 W loss at 10 kW output) . Similar analyses have been done to compare Si-based and GaN-based converters [3] .
By switching at higher frequency, inductors and capacitors may be shrunk in size while maintaining the same voltage and current ripple specification; this is the primary motivation for using WBG devices. However, the resulting circuit also stores less energy, requiring the closed-loop control bandwidth be increased in order to maintain good disturbance rejection. This increasing closed-loop control bandwidth operation poses a special problem for large distributed multi-converter systems like those on a Naval electric warship. In particular, the cabling may no longer be neglected or viewed as a lumped parameter. In [4] , the stability of power systems that include cables were analyzed using the Nyquist criterion. Therein, it was noted that cable impedances are often modeled as a simple π-equivalent model, and that this is sufficient for modeling dynamics at low frequencies and/or for short cables, but that a distributed parameter cable model may be more appropriate for higher frequency and/or longer cable lengths.
In this work, we consider the role of transmission line effects on the stability of distributed power electronic systems operating with high closed-loop bandwidth control. To represent the cable impedance with high fidelity over the whole application space, which may include long cable lengths and high frequency, a distributed parameter model is used instead of the π-equivalent model, and the cable admittance is analyzed over a larger frequency range. Furthermore, it is noted that, while the π-equivalent model is attractive as a linear model, several terms in the transfer function are affected by the cable length, making it difficult to compute cable lengths from target cable admittance values. By using the distributed parameter model, allowable cable lengths are easily computed from admittance values. This allows the application of Nyquist based techniques to compute admissible cable admittances which may then be used to compute limits to cable length. Herein, the Energy Sources Analysis Consortium (ESAC) method is used [5] .
The next section presents the analysis for including cable admittance into the stability criterion and provides numerical examples. Section III describes the approach to apply ESAC and compute the cable length. Section IV presents simulation results that support the prediction of the method. Finally, Section V provides conclusions.
II. EVALUATING STABILITY IN SYSTEMS WITH TRANSMISSION LINES
The analysis employed herein depends upon immittancebased techniques wherein properties of the product of output impedance and input admittance are considered at select component locations. However, in this case, the bus is not a lumped element. Instead, the input admittance of the bus at a given component location is given by the admittance of the other components and their distances relative to a transmission line propagation constant. To illustrate the impact of transmission line length on stability, an example circuit configuration is presented with some numerical examples.
A. Example circuit configuration
An example circuit is shown in Fig. 1 . This circuit example is an extension of the iconic input filter + constant power load (CPL) problem that can be modeled as an LC filter with load having a negative incremental resistance. Instead of a direct connect, however, the LC circuit is connected to a transmission line of length l and terminated with a series resistance, a parallel capacitance, and a converter that behaves as a CPL.
A simple voltage divider gives the transfer function relating source voltage to voltage supplying the cable as
where
Therein, l is the length between the source and the load in meters, γ is the propagation constant and 0 Z is the characteristic impedance given by
wherein the parameters R, L, G, and C in (4) and (5) are the distributed cable resistance, inductance, conductance and capacitance respectively. The impedance Zload is computed to be the following
where ZCPL(s) represents the small-signal input impedance of the load converter. This is modeled as a negative incremental impedance with a simple low-pass filter to simulate a first order lag in the converter control response [6] , given by
where load P is the constant input power to the load converter, load V is the constant load voltage set-point, and the time constant load τ represents the load converter's bandwidth. The circuit parameter values used in subsequent examples are given in Table 1 . 
B. Nyquist Based Stability
We consider the minor loop gain at the input side of tl src Y Z which depends on the cable characteristic impedance, length and load impedance. The Nyquist contour provides a good measure of the stability of the system, and there are several ways of bounding or limiting the Nyquist contour so as to enforce a given Gain and/or Phase margin. Herein, we use the Energy Systems Analysis Consortium (ESAC) based method which relies on a two-part boundary with lines extending from the real axis at an angle to the unit circle and then horizontally out to negative infinity; these are defined by the gain and phase margins [5] . See Fig. 2 .
Several numerical examples are provided here to illustrate the application of the analysis, the stability implications of long cables and high closed-loop bandwidth, and the disparities between using a distributed parameter model and a π-equivalent model.
C. Numerical Examples
The first example considers a candidate circuit and a baseline case for no cable (l=0), ideal CPL (τload = 0), with light and heavy load scenarios. The baseline Nyquist contour is shown in Fig. 3 .
Therein, the ESAC boundary is drawn in red with 3.1 dB gain margin and 26.5 degrees of Phase margin, and the Nyquist contour for the minor loop gain is drawn in blue. For the light load (1 kW) case, the Nyquist contour does not intersect the ESAC boundary, indicating compliance with specified stability margins. In the heavy load (17 kW) case, the Nyquist contour not only intersects the ESAC boundary but encircles the -1 point, indicating instability.
The next example is shown in Fig. 4 and considers the same circuit with the light load (1 kW) case with 20 meter and 100 meter cables separating the source and load. The light load case was shown to be stable without a cable, but with just 20 meters of cable, the Nyquist contour contacts the ESAC boundary, indicating it is at the limit of compliance. At 100 meters, the system is unstable.
In the next example, shown in Fig. 5 , the cable length is 100 meters, but the load converter's response is limited to 600 Hz (τload = 265 µsec), allowing compliance of the system with stability margins.
It is noted that the stability constraint may be sensitive to the component groupings, as noted in [7] . In practice, ESAC has been shown to be less "artificially conservative" than other Nyquist-based stability criteria [5] . meter cable and (bottom) l=100 meter cable Herein, the ESAC approach is applied using the minor loop gain given by the source output impedance and the cable input admittance; however, results may vary based on the component groupings that are selected [7] . It is also noted that stability issues arose in the above examples with relatively short lengths of cable.
D. Cable Model Selection
Herein, the choice of cable model is selected to be the distributed parameter model as it provides the highest fidelity for computing Ytl, over a wide range of frequencies and lengths. It is common to use a π-equivalent model to represent the cable as it enables a familiar linear model formulation. However, at higher frequencies and cable lengths, the impedance characteristics differ substantially. It is valuable to present an illustrative example. Fig. 6 shows the computed cable admittance Ytl using both the π-equivalent model and the distributed parameter model for light load (1 kW) at a cable length of 1000 meters. Therein, differences in amplitude and phase appear at frequencies as low as 3.5 kHz, and the differences become pronounced at frequencies above 40 kHz. While contemporary silicon-based systems would not have much dynamic response at these high frequencies, nextgeneration power electronic based systems that rely on SiC and GaN converters may require this fidelity at high frequencies.
As will be illustrated in the next section, use of the distributed parameter model also enables the allowable cable length to be computed more easily.
III. COMPUTING THE LIMITS OF OPERATION TO MAINTAIN STABILITY
To ensure adequate gain and phase margins, a methodology based on the ESAC boundary method is adapted for use in this scheme [5] . In particular, the ESAC constraint may be adapted in certain well defined problems to allow for constraints to be computed for real physical and operational parameters. In [8] , limits on admittance found through the ESAC method were mapped to limits on controller gain and network time-delay. In this work, the limits on admittance are related to allowable cable length, power level, and system frequency.
In the ESAC approach, a boundary is traced using a frequency sb. (3) and expressed as a function of frequency: Therein, the allowable cable input admittance at frequency sa is equated with the contour frequency sb divided by the source impedance at frequency sa. Thus, as sb is varied along the contours of the ESAC boundary, the allowable admittance is determined for all applicable sa values for each sb. The ESAC boundary thus defines the values for sb while the Nyquist plots show knowing the source impedance and used to solve for cable length, given the other cable parameters. Applying this process to the example circuit studied thus far, the allowable dynamic frequency content of the system and allowable length of the cable may be evaluated at different load powers. See Fig. 8 . It is noted that there is not an exact correspondence between fa and τload. Rather, limiting the control bandwidth of the load converter is expected to limit the dynamic response of the system; thus, there is a strong correlation.
It is also noted that the admittance Ytl may take on a disallowed value for one cable length and then become an allowed value for a longer cable length, leading to rather complicated mappings. Thus, for simplicity, the maximum cable length lmax shown in Figs. 8 and 9 is the maximum length for which the system is expected to meet all stability margins for any cable length in the range [0, lmax) for a given frequency fa. The 1 kW case shows that the system described in Table 1 with high-frequency dynamics (over 10 kHz) are possible for cables up to 100 meters, but at 17 kW of power, system dynamic response is limited to just 2 kHz for cable lengths up to approximately 100 meters. Additional intermediate power levels are evaluated, enabling the definition of a surface (see Fig. 9 ) wherein the allowed operating region is defined by the space "beneath" the surface.
IV. SIMULATION EXPERIMENTS
To provide evidence that the analysis is predictive of system stability, the exemplar described above with parameters from Table 1 was modeled and simulated. The simulation models were developed in MATLAB/Simulink using state-space averaging, assuming continuous conduction and two switch states. This allows for different converter types to be considered through definition of state matrices. A generic converter block was developed in Simulink, and this model was then used in concert with detailed transmission-line models to run simulations; see The stability of the example circuit, which includes two components and a transmission line, was found through analysis to be heavily dependent on the length of the transmission line. A suite of simulation models was developed and exercised in MATLAB/Simulink that includes converters and transmission line effects. In particular, the models developed account for the effects of time delay due to propagation down a transmission line. For the transmission line model, the Padé approximation was used to model time delay; this provided a good estimate of the dynamics and was more numerically tractable than other methods.
To examine the correspondence between analysis and simulation, the evaluation of stability was automated and repeated for several permutations of cable length and bandwidth. To vary the bandwidth, the load converter was modeled as a constant power load with a first-order lagging response (see equation (7)). The bandwidth was thus adjusted by changing the time constant of this response.
In each time domain simulation, the load voltage and current were monitored for unstable characteristics (i.e. excessive high frequency oscillations) as the load power was ramped up to the designated value. Fig. 11 shows results wherein a blue circle o indicates stable behavior for the duration of the simulation, and x indicates unstable behavior at some point in the simulation. Also shown is the analytical boundary for a 3kW load, similar to what is shown on the (top) in Fig. 8 ; results show reasonable agreement between the analytical constraint and the boundary between stable and unstable operation and observed through simulation.
It is noted, however, that the analytical boundary only marks the boundary for stability margin compliance and not for stability. Thus, one might expect the red x's to begin to appear slightly above the line rather than below it. However, it is noted that the cut-off frequency only represents the 3 dB point for the load converter. Thus, a cut-off of 1 kHz may still have significant dynamic response above, for example, 5 kHz. It is also possible that the simulation results would be affected by numerical issues that arise in simulating poorly damped systems. It is noted that the simulation results do indicate that the cable length is relevant at high frequencies; and the results show reasonable agreement with analytical prediction.
V. SUMMARY Herein, effects of high control bandwidth on system stability in distributed power electronics systems having long cables is considered. Specifically, as more capable semiconductors are utilized in designs, converter power densities will increase. In many cases, this implies a higher control bandwidth, resulting in high-frequency dynamic response. Thus far, cable transmission line effects have been typically neglected in the impedance calculations of power electronic systems except in cases with very long cable lengths (i.e. >> 1 km). However, with higher control bandwidth and the corresponding higher frequency dynamics, transmission line effects should be accounted for in systems with even modest cable lengths between converters (i.e. < 1 km). In this work, a general method, based on the Energy Sources Analysis Consortium (ESAC) method, was developed to account for the transmission line impedance and even to compute maximum allowable cable lengths as a function of system frequency and power level.
